INTRODUCTION
Retroviruses use cellular tRNA as a primer to initiate reverse transcription (1) . tRNA Lys3 is the natural primer for HIV-1 and related lentiviruses. In HIV virions, the tRNA is bound to an 18-nucleotide (nt) region of the viral genome designated as the primer binding site (PBS), which is complementary to the 3′-terminal nucleotides of the tRNA. Studies from this laboratory, and others, have shown that the complementarity between the PBS and the tRNA 3′ terminus is a major determinant for the selection of a tRNA primer in HIV-1 (2) (3) (4) (5) . Changing the HIV-1 PBS to be complementary to tRNAs other than tRNA Lys3 resulted in viruses which used the alternative tRNAs as primers in reverse transcription. However, these viruses rapidly reverted to use tRNA Lys3 following in vitro culture unless an accompanying region in U5, the A-loop, was also mutated (5) (6) (7) (8) (9) . Even with optimized A-loop-PBS combinations in the viral genome though, not all tRNAs were stably used by viruses following in vitro culture (5) , highlighting the complexity of the interactions between HIV-1 genome and the tRNA primer.
Most in vivo studies on HIV-1 RNA-tRNA interactions have been focused on understanding the sequence elements within the HIV-1 genome required for the selection and use of the tRNA primer. Although in vitro experiments exploring the interactions of tRNA with HIV-1 reverse transcriptase (RT) or with viral RNA have been reported (10) (11) (12) (13) (14) , little is known about the sequence and structural requirements for a tRNA to be selected and used in HIV-1 reverse transcription in vivo. Studies on the elements of the tRNA primer important for yeast retrotransposon Ty reverse transcription have taken advantage of techniques to genetically manipulate yeast cells (15, 16) . A system has also been described for murine leukemia virus which used a genetically engineered tRNA to complement a defective provirus (17) . We recently established an in vivo complementation system to allow identification of specific elements within the tRNA that are important for the primer selection and use in HIV-1 reverse transcription (18) . The replication of a defective HIV-1 with a PBS complementary to yeast tRNA Phe , which previous studies have shown to be noninfectious (19) , was restored when yeast tRNA Phe was provided during virus production.
Yeast tRNA Phe is an ideal candidate to examine the role of specific regions of tRNA structure in primer selection because its three-dimensional structure is well-characterized (20) . The cloverleaf base-pairing yeast tRNA Phe sequence folds into an L-shaped molecule, which is universal among tRNAs. An L-shaped tRNA can be divided into two main domains: the 'top half', a minihelix motif consisting of the acceptor stem and TΨC stemloop, and the 'bottom half', including the anticodon stemloop, D stem-loop and variable loop. In this study, a series of yeast tRNA Phe mutants were made and tested for their capacity to restore psHIV-Phe virus infectivity. We found that while the TΨC stem-loop and anticodon stem-loop of yeast tRNA Phe are essential for complementation, the tRNA Phe D stem-loop structure was not required. The results of these studies are discussed with respect to the elements of the tRNA required for primer selection and use and potential application in designing new therapeutics to disrupt this step in HIV-1 reverse transcription.
MATERIALS AND METHODS

Tissue culture and cell lines
293T cells and HeLa H1 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL) with 10% fetal calf serum (FCS) and 1% antibiotic-antimycotic *To whom correspondence should be addressed. Tel: +1 205 9345705; Fax: +1 205 9341580; Email: casey_morrow@microbio.uab.edu (penicillin/streptomycin/amphotericin cocktail; Gibco BRL) in a 37°C incubator supplied with 5% CO 2 .
DNA plasmids
The construction of plasmid psHIV-Phe was described in detail in our previous study (18) . Briefly, psHIV-Phe contains a defective HIV-1 proviral genome in which the env gene was deleted and replaced by a drug-resistant gene gpt (xanthineguanosine phosphoribosyl transferase). The PBS region of this provirus was mutated to be complementary to the 3′-terminal 18-nt of yeast tRNA Phe . Plasmid pLGRNL used to express vesicular stomatitis virus G glycoprotein (VSV-G) has been described previously (21) .
In vitro transcription
Plasmid p67YF0 which contains the yeast tRNA Phe gene was kindly provided by Dr O. C. Uhlenbeck (22) . p67YF0 contains a T7 promoter directly adjacent to the yeast tRNA Phe gene and a BstNI restriction site at the 3′ end of the gene. 'Run off' transcription of the BstNI-digested p67YF0 gives a 76-nt RNA identical to the unmodified yeast tRNA Phe . All transcription reactions were carried out using a commercial in vitro transcription kit (Gibco BRL), following the instructions of the manufacturer.
To generate tRNA Phe mutants, cDNA fragments starting with sequence containing a T7 promoter (5′-CTGCAGTAATAC-GACTCACTATA) followed by the exact coding sequence for one of the following yeast tRNA Phe mutants were made: the 35mer, 45mer, 46mer, 47mer, 55mer, 62mer, 62-loop and 62-stem (see Figs 2A, 3A and 4A for the nucleotide sequences). These cDNA fragments were generated by annealing the plus-strand and the complementary minus-strand synthetic DNA oligomers at 94°C and then slowly cooling down to room temperature. Each of the cDNA fragments was used as a template to generate the encoded yeast tRNA Phe mutant by in vitro transcription.
RNA synthesis
Synthetic RNA oligonucleotides 35mer, 62mer, 55mer, 45mer, 47mer, 46mer and 62-UUU (see Figs 2A, 3A and 5), generated using an Applied Biosystems 392 DNA/RNA synthesizer, were provided by Dr S. Hajduk (University of Alabama at Birmingham). The synthetic oligonucleotides were gel-purified prior to use in the complementation system. All RNAs were quantitated by UV absorption and by gel electrophoresis and ethidium bromide staining. The latter was followed by the use of Alpha-Imager (Alpha Innotech), which achieved quantitation through comparing the density of each RNA band with the standards.
Transfection and selection of drug-resistant cell lines
The procedure used for complementation has been previously described (18, 23) . Briefly, lipofectin (Gibco BRL) was used to cotransfect plasmid DNA (1 µg) and RNA oligonucleotides (2 µg) into 293T cells. At 36 h post-transfection, the supernatants of transfected cells were collected and filtered through a 0.45-µm pore-size filter (Nalgene). Virus production was monitored by measuring the p24 antigen levels using a commercial ELISA kit (Coulter Laboratories). Different dilutions of viruses produced by cotransfections were used to infect HeLa H1 cells. At 2 h after infection, the cells were washed once and fresh DMEM with 10% FCS and 1% antibiotics was added. At 24 h after infection, the medium was replaced with the selection medium [DMEM containing 10% FCS, 1% antibiotics, 20 mM HEPES (pH 7.5), 250 µg/ml xanthine and 50 µg/ml mycophenolic acid]. This medium was changed every 2-3 days until colonies of drug-resistant cells were formed (10-12 days). Cell colonies were washed with phosphate buffered saline and stained with crystal violet solution (0.2% crystal violet, 25% isopropanol and 5% acetic acid). The numbers of the drug-resistant colonies presented are representative of three independent experiments. For analysis of integrated proviral primer binding site, cell colonies were isolated and expanded in selection medium; chromosomal DNA was isolated using a Wizard genomic DNA purification kit (Promega). The U5-PBS region of integrated provirus in the isolated chromosomal DNA was amplified by PCR with the following primers: primer 1 (5′-TAGACCAGATCTGAGCCTGGGAGCTC-3′; nt 13-48), and primer 2 (5′-CTCCTTCTAGCCTCCGCTAGTC-3′, complementary to nt 331-310). The PCR-amplified fragments were cloned into pGEM-T-Easy vector (Promega) and the resultant plasmid DNAs were amplified and prepared for sequence analysis.
Biotinylation or radiolabeling of tRNAs
The biotin RNA labeling mix (Boehringer Mannheim) was used in the in vitro transcription as substrates to generate biotin-labeled (biotinylated) RNA oligonucleotides, following the instructions of the manufacturer. 35 S-labeled tRNAs were generated using the MEGAshortscript transcription kit (Ambion) as instructed by the manufacturer, with the exception that the final concentration of UTP was changed from 7.5 to 0.75 mM (one-tenth of other NTPs) and 10 mCi/ml [ 35 S]UTP stock (ICN) was also added to achieve a final concentration of 1 mCi/ml in the reaction. The transcripts were purified by phenol/chloroform extraction and ethanol precipitation.
Two micrograms of biotin-labeled or 35 S-labeled tRNAs was cotransfected into 293T cells with psHIV-Phe provirus and plasmid pLGRNL. At specified time points the transfected cells were washed with phosphate buffered saline, incubated with RNase A (10 µg/ml in PBS solution) for 20 min, and then washed again three times with phosphate buffered saline. Subsequently, total intracellular RNAs of the cells transfected with biotin-labeled tRNAs were isolated using TRI REAGENT (Molecular Research Center). One percent of the total RNAs were spotted on positively-charged Nylon membrane (Boehringer Mannheim) followed by the use of a biotin luminescent detection kit (Boehringer Mannheim). The biotin-labeled tRNA was detected with streptavidin coupled to alkaline phosphatase (AP) and was visualized by adding the chemiluminescent AP-substrate CSPD. The cells transfected with 35 S-labeled tRNAs were harvested by trypsinization and lysed in 10% trichloroacetic acid solution; the precipitated nucleic acids were collected on a 0.45 µm membrane filter (Gelman Science). The dried filters were placed in scintillation fluor (Research Products International) and radioactivity was determined by counting.
RESULTS
In a previous study, we described a defective HIV-1 provirus with a PBS complementary to the 3′-terminal 18-nt of yeast tRNA Phe , designated as psHIV-Phe, which contains a drugresistant gene, xanthine-guanosine phosphoribosyl transferase (gpt), in place of the deleted env gene ( Fig. 1) (18) . Pseudoviruses derived from cotransfection of psHIV-Phe provirus and the plasmid encoding VSV-G protein were non-infectious as measured by the ability to induce resistance to mycophenolic acid. Yeast tRNA Phe added into the cotransfection restored the infectivity of the pseudovirus in a dose-dependent fashion.
Dissection of the tRNA required for complementation of psHIV-Phe
Since little is known about the region of the tRNA required for in vivo primer selection and use in reverse transcription, our strategy was to generate deletion mutants of tRNA Phe . We first tested two tRNA Phe deletion mutants, a 35mer and 62mer ( Fig. 2A) . The 35mer is the minihelix of yeast tRNA Phe , consisting of the acceptor stem and TΨC stem-loop. The 62mer represents a yeast tRNA Phe without the D stem-loop. Unless otherwise specified, yeast tRNA Phe mutants were generated by direct RNA synthesis, followed by cotransfection with psHIV-Phe provirus and the plasmid encoding VSV-G protein (pLGRNL); the resultant pseudoviruses were normalized for p24 and used to infect HeLa cells, followed by selection for resistance to mycophenolic acid. A low number of drug-resistant colonies were recovered from the infection of psHIV-Phe virus complemented by 35mer, which was not greater than the background levels of the assay (Fig. 2B) . In contrast, the 62mer restored the psHIV-Phe virus infectivity with a similar efficiency as the wild-type yeast tRNA Phe (Fig. 2B) . Similar results were found with a 62mer generated from in vitro transcription, indicating that the ability of the RNA to function in the assay did not depend on the method of RNA generation (data not shown).
The complementation of psHIV-Phe requires the tRNA present in the cells to be selected as primer through an as yet undefined mechanism, and positioned at the PBS. To further investigate the differences between 35mer and 62mer with respect to complementation, the stability of the RNAs was analyzed following transfection. Biotin-labeled wild-type tRNA Phe , 35mer and 62mer were generated by in vitro transcription, and cotransfected with psHIV-Phe and pLGRNL. The cotransfections were carried out by first incubating nucleic acids-lipofectin mixtures with the cells for 8 h. After the 8-h incubation, growth medium was added to the cells; we designated this as time point 0 h. At time point 0 or 36 h, the transfected cells were incubated with RNase A and washed extensively to eliminate any untransfected tRNA that might remain outside of the cells (Q.Yu and C.D.Morrow, unpublished results); total cellular RNAs were then isolated from the transfected cells and spotted on a membrane for the detection of biotin-labeled tRNA (Fig. 2C) . Our analysis revealed that after 8-h incubation with the cells (time point 0 h), less 35mer was detected than wild-type tRNA Phe or the 62mer. The 62mer had a similar stability profile as the wild-type tRNA Phe , at least up to 36 h after cotransfection, which corresponds to the time for harvesting pseudoviruses for infections (Fig. 2C) . The results from this analysis suggested that the 35mer might be less stable than the 62mer following transfection. To further address this possibility, we repeated the above experiments with 35 S-labeled tRNA Phe , 35mer and 62mer (Fig. 2D ). All three RNAs were detected at 36 h post-transfection at levels 2-5% of the amounts used in transfection. However, at 0 h time point there was approximately twice as much 62mer and wild-type tRNA Phe as the 35mer, again suggesting the 35mer is less stable following transfection. Given the differences in stability between the 62mer and 35mer, we have not pursued the analysis of the 35mer to complement psHIV-Phe. Instead, elements within the 62mer were further analyzed to explore the role of different regions of the tRNA in complementation. A 47mer containing partial deletion of the TΨC stem-loop was generated (Fig. 3A) . The acceptor stem and anticodon stem-loop were predicted to remain intact in the 47mer by the RNA secondarystructure modeling program M-fold (24) (25) (26) . Although the 47mer remained stable after cotransfection, the RNA had a very low capacity to rescue psHIV-Phe virus ( Fig. 3B and C) , indicating the importance of an intact TΨC stem-loop for complementation.
Role of the anticodon stem-loop region of the tRNA in primer selection and use in reverse transcription
To address the role of the anticodon stem-loop and variable loop of the tRNA in primer selection and use in HIV-1, three new tRNA Phe mutants based on the 62mer were generated and tested in our complementation system: the 55mer (the anticodon loop was deleted), 45mer (both anticodon stem and loop were deleted) and 46mer (the anticodon stem and variable loop were deleted) (Fig. 3A) . Upon infection of the cells with the psHIV-Phe pseudoviruses complemented by each of these mutants, we recovered fewer drug-resistant colonies compared to the virus complemented by 62mer, although the values obtained for 55mer and 45mer were always above background (Fig. 3B) . The lower complementation capacity of these mutants was not due to reduced stability compared to the wildtype tRNA Phe (Fig. 3C) . To confirm the use of yeast tRNA Phe mutants as primers for reverse transcription by the rescued psHIV-Phe viruses, the PBS sequences of integrated psHIV-Phe proviruses were analyzed. Chromosomal DNA was isolated from cell clones derived from the infection of psHIV-Phe virus complemented by the 62mer, 55mer or 45mer. The proviral U5-PBS region in chromosomal DNA was amplified by PCR, followed by subcloning and sequence analysis. The results showed that all the PBS sequences recovered were complementary to the 3′-terminal 18-nt of yeast tRNA Phe . Since the PBS sequence of integrated HIV provirus reflects the actual primer used in reverse transcription, the yeast tRNA Phe mutants examined had functioned as reverse transcription primers in the rescued psHIV-Phe viruses (data not shown).
To further delineate the features of anticodon stem-loop structure for the selection and use of the tRNA in reverse transcription, two additional mutants were designed. In the mutant 62-loop, C 14 -G 16 to G 14 -C 16 change disrupts the anticodon stem structure; in the second mutant, designated as 62-stem, a C 26 -G 28 to G 26 -C 28 change in addition to the C 14 -G 16 to G 14 -C 16 change was introduced to restore the complementarity between the two strands of the anticodon stem (Fig. 4A) . The disruption of the anticodon stem-loop structure in the mutant 62-loop and the restoration of this structure in the mutant 62-stem were predicted by the M-fold program (24) (25) (26) . These mutant RNAs were generated by in vitro transcription and analyzed for their capacity to complement psHIV-Phe virus. Surprisingly, both mutant 62-loop and 62-stem showed a similar capacity in rescuing psHIV-Phe virus as the 62mer (Fig. 4B) ; and no difference was detected between the stability of the mutants and the wild-type tRNA Phe following cotransfection (Fig. 4C) . Taken together, the results of our analysis established that the anticodon region is essential for primer selection and use in HIV-1 reverse transcription, whereas the native anticodon stem-loop structure per se is not required.
The anticodon of tRNA Lys3 has been shown to interact with the A-loop in the U5 region of HIV-1 RNA (11). Although previous studies have shown that certain combinations of Aloop-PBS resulted in viruses that stably maintained a PBS complementary to an alternative tRNA (e.g., tRNA His or tRNA Met ), other A-loop-PBS mutations were not stable (e.g. tRNA Ile ) (5). Based on the results of this and other studies, we believe that the U5-PBS interaction with tRNA is complex, and most probably depends upon the formation of specific RNA structures in the U5. As an alternative to mutating the A-loop region of U5 to correspond to the anticodon of tRNA Phe , we generated a tRNA Phe mutant (62-UUU) in which the anticodon was altered to that of tRNA Lys3 (GAA to UUU) (Fig. 5A ). This mutant should take advantage of the wild-type A-loop structure of psHIV-Phe genome for initiation of reverse transcription. Surprisingly, 62-UUU rescued the virus with a similar efficiency, as determined by colony numbers, as the 62mer with a tRNA Phe anticodon (GAA) (Fig. 5B) . Thus, for the single-round infection analysis with tRNA Phe , the complementarity with A-loop and PBS did not result in more efficient virus rescue. This result is consistent with other A-loop-PBS combinations (i.e., tRNA Met ) but is different from that found for tRNA His (Q.Yu and C.D.Morrow, unpublished results).
DISCUSSION
Elements of the tRNA essential for primer selection and use in HIV-1 reverse transcription were delineated by using the yeast tRNA Phe mutants to complement the replication of a defective HIV-1 virus, psHIV-Phe. Analysis of tRNA Phe mutants revealed that while the TΨC stem-loop region was essential for complementation, the tRNA without the D stem-loop region was fully functional for complementation. Deletion of the anticodon stem and/or loop severely reduced the complementation capacity of the tRNA; however, mutations to disrupt or promote the anticodon stem-loop structure did not affect complementation (summarized in Fig. 6 ).
The results of our experiments provide the first insights into what tRNA sequence and structures are required for the selection and use of the tRNA primer for HIV-1 reverse transcription. Our experimental approach is unique because an in vivo, rather than an in vitro system was used, which necessitates the tRNA to be selected from the intracellular milieu and positioned at the PBS in addition to being functional for initiation and completion of reverse transcription. In an in vitro system, reverse transcription can be accomplished with an RNA primer of 18 nt, indicating that the complementarity between the PBS and a primer is sufficient for the use of the primer in reverse transcription (27) . Our studies revealed that the requirement for primer selection and use in vivo is more complex than the simple complementarity between the potential primer and the PBS of HIV-1. We initially tested the minihelix of tRNA Phe (35mer) consisting of the acceptor stem and TΨC stem-loop. The tRNA minihelix motif has been proposed to be the oldest element of the tRNA (28) and was used by a primitive RT encoded by the Mauriceville retroplasmid to initiate cDNA synthesis (29) . However, the 35mer failed to rescue psHIV-Phe. A complication with the interpretation of this experiment was the difference in stability of 35mer compared to the wild-type tRNA Phe following cotransfection. However, tRNA Phe mutants containing the minihelix and additional elements (45mer, 46mer and 55mer) which exhibited similar stability as tRNA Phe , failed to rescue psHIV-Phe virus. Collectively, elements in the minihelix (35mer) were probably not sufficient for the virus complementation. Our results do suggest that the minihelix contains essential elements for psHIV-Phe complementation. One of these elements would be the TΨC stemloop as demonstrated by the incapability of a tRNA Phe mutant (47mer) to rescue psHIV-Phe. Previous studies have suggested that the TΨC stem-loop of tRNA Lys3 interacts with HIV-1 RT in vitro (14) ; the TΨC stem-loop was also proposed to interact with the U5 sequence of HIV-1 (1). These potential interactions may also occur between yeast tRNA Phe and psHIV-Phe, since the TΨC loop sequence is highly conserved among tRNAs. Further experiments will be required to address this issue.
A surprising result was that the mutant tRNA Phe without the D stem-loop functioned as effectively as wild-type tRNA Phe in complementing the psHIV-Phe virus. The D stem-loop is essential for tRNA tertiary folding through the D loop-TΨC loop interaction (30, 31) . The lack of requirement for the D stem-loop for psHIV-Phe rescue strongly argues that the D stem-loop, and consequently the tRNA tertiary structure, are not essential for the tRNA primer selection and use in HIV-1 in vivo. This conclusion is consistent with the structure model of HIV-1 reverse transcription initiation complex proposed by Marquet and co-workers, which suggested that the D stem-loop of the tRNA primer protrudes out of the initiation complex and does not interact with either viral RNA or RT (11, 13) . Conversely, earlier studies suggested that the D stem-loop was important for HIV-1 RT-tRNA Lys3 binding in vitro (14, 32, 33) .
However, this interaction might be non-specific, since HIV-1 RT binds with many other tRNAs with the same efficiency (34) . It is possible the suggested tRNA-RT interaction, if it occurs in vivo, may not be involved in the specific selection and use of the tRNA primer for reverse transcription. Additional experiments will be required to address this possibility.
The deletion of the anticodon stem and/or loop severely impaired the capacity of the tRNA to rescue psHIV-Phe virus, while the disruption of the anticodon stem structure by point mutations did not affect the virus rescue. Alteration of the anticodon (from GAA to UUU) also did not compromise the ability of the tRNA to rescue. Collectively, our results may imply that the anticodon stem-loop region is important in forming the correct three-dimensional structure of tRNA for primer selection, which was affected severely by the deletion of anticodon stem-loop, not by the point mutations. Alternatively, certain nucleotides within the anticodon stem-loop might be important for the viral genomic RNA-tRNA interaction. Brulé et al. have suggested that the anticodon stem of tRNA Lys3 interacts with the U3 region during first strand transfer of reverse transcription in vitro (10) . The same region in psHIV-Phe U3 exhibits base-pairing potential with the tRNA Phe anticodon stem. Therefore, it is possible that the anticodon stem deletion mutant in our study was blocked in the strand-transfer step. Previous studies from this laboratory and others have suggested that the interaction between the anticodon of the tRNA primer and the A-loop region of HIV-1 RNA is important for primer selection (6, 7, 9, 11) . However, the role of this interaction is not fully understood, since some but not all A-loop-PBS combinations resulted in viruses that stably use the alternative tRNAs. Furthermore, even when A-loop-PBS combinations resulted in viruses which stably use the alternative tRNAs (e.g., tRNA Met and tRNA His ) as primers, the alternative A-loop may or may not enhance the virus infectivity. In a single-round infection assay, an A-loop region complementary to tRNA Met did not enhance the infectivity of the virus using tRNA Met as the primer, whereas an A-loop complementary to tRNA His did improve the infectivity of the virus using tRNA His as the primer (Q.Yu and C.D.Morrow, unpublished results). In this study, we addressed the question by generating a tRNA Phe mutant with the tRNA Lys3 anticodon to facilitate the anticodon and A-loop interaction. Surprisingly, the change of the tRNA Phe anticodon to match tRNA Lys3 did not result in enhanced virus rescue (Fig. 5) . One explanation for this result is that the anticodon region of tRNA Phe may interact with an alternative sequence in U5. This speculative interaction might play a similar role as the interaction between the tRNA Lys3 anticodon and the A-loop, which could explain why the tRNA Phe mutants with the anticodon of tRNA Lys3 or tRNA Phe are similar in rescuing psHIV-Phe. Alternatively, our single-round complementation system may not be sensitive enough to detect the contribution of the tRNA Lys3 anticodon and A-loop interaction to the virus infectivity. Additional experiments will be required to address these possibilities.
In summary, the results of our studies provide the first characterization of the critical elements of the tRNA required for HIV-1 reverse transcription in vivo. Since a complete tRNA molecule was not required to complement the defective virus, it may be possible to use this information to design small RNAs that would compete with tRNA Lys3 in primer selection and disrupt HIV reverse transcription without interfering with the natural cellular function of the tRNA in protein synthesis. Further delineation of the important elements of the tRNA required for primer selection will aid in the understanding of the interaction between the tRNA and U5-PBS of the virus, which will facilitate the development of new therapeutics designed to inhibit HIV replication.
